Background-Sitosterolemia is a recessively inherited disorder that results from mutations in either ABCG5 or G8 proteins, with hyperabsorption of dietary sterols and decreased hepatic excretion of plant sterols and cholesterol. As a consequence of markedly elevated plasma and tissue sitosterol and campesterol levels, premature atherosclerosis develops. Methods and Results-In this multicenter, double-blind, randomized, placebo-controlled study, we examined whether treatment with ezetimibe, an inhibitor of cholesterol absorption, reduces plant sterol levels in patients with sitosterolemia. After a 3-week placebo run-in, 37 patients were randomized to receive placebo (nϭ7) or ezetimibe 10 mg/d (nϭ30) for 8 weeks. Sitosterol concentrations decreased by 21% (PϽ0.001) in patients treated with ezetimibe compared with a nonsignificant 4% rise in those on placebo (between-group PϽ0.001). The reduction in sitosterol from baseline was progressive, with further decline observed at each subsequent biweekly visit. Campesterol also progressively declined, with a mean decrease after 8 weeks of 24% with ezetimibe and a mean increase of 3% with placebo treatment (between-group PϽ0.001). Reductions in plant sterol concentrations were similar irrespective of whether patients were undergoing concomitant treatment with resin or statin. Reductions in total sterols and apolipoprotein B were also observed. Ezetimibe was well tolerated, with no serious treatment-related adverse events or discontinuations due to adverse events being reported. Conclusions-Ezetimibe produced significant and progressive reductions in plasma plant sterol concentrations in patients with sitosterolemia, consistent with the hypothesis that ezetimibe inhibits the intestinal absorption of plant sterols as well as cholesterol, leading to reductions in plasma concentrations. (Circulation. 2004;109:966-971.) 
S itosterolemia is a rare, autosomal recessively inherited sterol storage disease in which markedly increased tissue and plasma plant sterol concentrations can lead to premature atherosclerosis and early cardiovascular death. [1] [2] [3] [4] Sitosterolemia is caused by complete mutations in either the ABCG5 or ABCG8 genes, located in a head-to-head organization on human chromosome 2p21. [5] [6] [7] These genes encode ATP binding cassette (ABC) proteins that belong to the G family and may work together to pump sterols (cholesterol and plant sterols) from the brush border of enterocytes into the intestinal lumen and from the liver into bile. 8 Normally, Ϸ500 mg of cholesterol and half as much plant sterols (predominately sitosterol and campesterol) are consumed in the diet each day. 9, 10 Approximately 50% of the cholesterol, Ͻ20% of campesterol, and Ͻ7% of sitosterol are absorbed. [11] [12] [13] Despite their close structural similarity, plant sterols are recognized as distinct from cholesterol by the liver and are preferentially excreted into bile. 11, 14, 15 Because of their lower intestinal absorption and preferential biliary excretion, plant sterols occur in very low concentrations in the plasma of normal individuals. 16 -18 In contrast, patients with sitosterolemia have markedly increased plant sterol absorption and diminished biliary excretion of these sterols. 11,13,19 -21 These 2 defects combine to lead to marked elevations of plant sterol plasma concentrations and consequent increases in total body stores and tissue levels. 3, 14, 19, 20 The clinical consequences of tissue plant sterol accumulation include premature atherosclerosis and coronary heart disease at a young age, [1] [2] [3] [4] tendon xantho-mas similar to those observed in patients with homozygous familial hypercholesterolemia, hematologic sequelae including chronic hemolytic anemia and thrombocytopenia, and abnormal liver function tests. 1, 3, 4, 22 Available treatments for sitosterolemia include a diet restricted in cholesterol and plant sterols, bile salt-binding resins, ileal bypass surgery, or LDL immunoabsorption. 3, 4 Despite treatment, most patients continue to have markedly elevated concentrations of plant sterols and associated complications. Thus, current therapy is often inadequate to treat patients with sitosterolemia.
Ezetimibe is a novel inhibitor of intestinal cholesterol absorption in humans, 23 shown to significantly lower plasma cholesterol and LDL cholesterol (LDL-C) concentrations in patients with hypercholesterolemia. 24 -26 Ezetimibe undergoes glucuronidation in the intestine and liver, and both the parent compound and its glucuronide localize to the brush border of the small intestine, where they block the absorption of dietary and biliary sources of cholesterol without affecting absorption of triglycerides, bile acids, or fat-soluble vitamins. 27, 28 In patients with mild to moderate hypercholesterolemia, ezetimibe reduces plasma concentrations of sitosterol and campesterol, 23 most likely by reducing the absorption of these plant sterols. The purpose of the present study was to determine whether ezetimibe would also block the intestinal absorption of plant sterols and thus lead to lower plant sterol concentrations in patients with sitosterolemia.
Methods

Patients
Patients aged Ն10 years with a diagnosis of sitosterolemia who had plasma sitosterol levels Ͼ0.12 mmol/L (normal range Ͻ0.0239 mmol/L) despite current treatment were eligible to participate. Patients with poorly controlled diabetes or active liver or renal disease were excluded. Patients were expected to have been on a stable regimen of diet and/or medications for at least 4 weeks before the screening visit. If considered clinically appropriate, patients taking bile salt-binding resins had these agents discontinued before entry into the study because it was not known whether resins might lower ezetimibe concentrations. If it was not considered appropriate to modify the bile salt-binding medication that the patient was taking, patients could be enrolled while undergoing their current resin treatment. In these patients, ezetimibe was given at least 2 hours before or after bile acid-binding resins. Other treatments, including diet and statins, were continued but were expected to remain stable during the double-blind treatment period.
Study Design
This was a randomized, double-blind, placebo-controlled study conducted in 23 centers worldwide. After a 3-week single-blind placebo run-in period, patients were randomized (in a 4:1 ratio) to receive ezetimibe 10 mg/d or placebo. Given the relative rarity of this disorder, it was not expected that sufficient patients would be available to have an adequately powered study to assess betweengroup differences. Thus, the primary end point was percent change from baseline (defined as the average of the week Ϫ1 and the randomization visit) to end point (defined as the average of weeks 6 and 8) in sitosterol concentrations, and the 4:1 randomization ratio was used to ensure that sufficient patients would receive treatment with ezetimibe. More patients participated than expected, which provided sufficient power to assess both between-and within-group differences in plant sterols. Blood specimens collected with EDTA were obtained after an overnight fast at screening, at randomization, and after 2, 4, 6, and 8 weeks of treatment. The study protocol was approved by the institutional review boards at the participating sites, and all subjects or their legal guardians gave informed written consent.
Analytical Methods
All laboratory analyses other than those for sterols and genetic analyses were performed at Medical Research Laboratories, Highland Heights, Ky, or its subsidiary, Clinical Research Laboratories, Brussels, Belgium, according to published procedures. 29 -31 Sterols were analyzed by capillary gas-liquid chromatography (GLC). 13, 19 VLDL (density Ͻ1.006 g/mL) was isolated from plasma by preparative ultracentrifugation, and cholesterol was measured in the VLDL fraction and the infranatant by GLC. Plasma HDL cholesterol (HDL-C) was also measured by GLC after lipoproteins that contained apolipoprotein B had been precipitated with heparinmanganese. Cholesterol in the LDL fraction was taken as the difference between the cholesterol content of the infranatant and HDL fraction. The chromatographic quantification of lathosterol was performed by GLC-mass spectrometry-selected ion monitoring (GLC-MS-SIM). 13 For mutational analyses, informed consent was obtained for the confirmation of known mutational analyses reported previously. 6, 7 In all cases, known mutations were confirmed by direct sequencing of polymerase chain reaction products. 7 Achilles tendon thickness was measured by lateral foot radiography; x-ray films were centrally read by a radiologist blinded to treatment group assignment and to sequence (baseline or end of study). Radiographs were only available at baseline and end of study in 24 patients (6 placebo, 18 ezetimibe) because radiography was generally not performed in patients younger than 18 years of age. 
Statistical Analysis
The primary efficacy variable was the within-group mean percent change in plasma sitosterol from baseline to end point. Key secondary variables were the within-group percent changes in plasma campesterol and in LDL-C. For all efficacy variables, percent change was assessed with summary statistics and 95% CIs. The assumption of normality was assessed by the Shapiro-Wilk statistic. Betweengroup differences were estimated with 95% CI. As prespecified before unblinding, a modified intention-to-treat analysis was performed without the single patient undergoing apheresis, who was excluded from the primary analysis given the distinctly different ongoing therapy; hence, the efficacy results are presented based on 29 patients treated with ezetimibe and 7 patients given placebo.
Results
A total of 39 patients were screened, and 37 patients were randomized into the double-blind treatment period. Patient baseline characteristics are presented in Table 1 . The 2 treatment groups were similar in age and body weight. However, the placebo group had a greater proportion of females than the ezetimibe treatment group. Most patients were undergoing medical therapies for sitosterolemia, which included bile salt-binding resins in 15 patients (10 of whom continued such therapy during the double-blind treatment period) and statins in 10 patients. In addition, 5 patients had had prior ileal bypass surgery to treat their disease. Most patients had had the diagnosis of sitosterolemia for many years at the time of recruitment, with an average duration since diagnosis of Ϸ15 years. Mutational analyses were performed in 29 subjects who gave informed consent; 28 of these were mutant for ABCG8, and 1 was mutant for ABCG5. This was expected, because almost all white sitosterolemic individuals are mutant for ABCG8, and all Japanese and Chinese patients are mutant for ABCG5. 7 The present study cohort included only 1 Japanese proband. Clinically overt coronary artery disease was present in 12 patients (32.4%). Of note, 9 patients (24.3%) either had aortic stenosis (by examination and/or echocardiography) or a history of aortic valve replacement surgery. Low platelet counts (Ͻ100 000) were present in 11 patients (29.7%), and low hemoglobin was observed in 5 patients (13.5%), consistent with prior observations of hematologic complications in patients with sitosterolemia. Finally, abnormal liver enzyme levels at baseline were common, with 25 patients (67.6%) having elevations in 1 or more liver function tests; aspartate aminotransferase was elevated in 12 patients (32.4%), alanine aminotransferase in 14 patients (35.1%), and ␥-glutamyl transferase in 5 patients (13.5%). Baseline lipid values are provided in Table 2 . Plant sterol and lipid concentrations were generally similar between the 2 treatment groups and showed the expected dramatic elevations in both sitosterol and campesterol but relatively normal concentrations of cholesterol in the lipid fractions.
Efficacy of Ezetimibe on Plant and Other Sterol Concentrations
Treatment with ezetimibe 10 mg/d resulted in a mean percent change in plasma sitosterol levels from baseline to end point of Ϫ21.0% (PϽ0.001) compared with a nonsignificant 4.0% increase in the placebo group ( Table 2 ). The between-group difference in mean percent change in sitosterol was Ϫ25.0% (95% CI Ϫ36.7% to Ϫ13.2%; PϽ0.001). The reduction in plasma sitosterol during the double-blind period was progressive beginning at week 2, with greater reduction from baseline observed at each subsequent visit ( Figure 1A) . A high proportion of patients (27/29, 93%) had reductions in sitosterol with ezetimibe treatment; 25 (86%) of 29 patients had a Ն15% decrease and 10 (34%) of 29 had a Ն25% decrease from baseline in sitosterol concentrations. In contrast, only 1 (14%) of 7 patients in the placebo-treated group had a decrease of Ն15%, and none had a decrease of Ն25%. Apo indicates apolipoprotein; GC, gas chromatography; and Lath:Chol, lathosterol:cholesterol. *LDL-C and triglyceride results presented as median, given nonnormal distribution of results, and hence, between-group differences are not provided.
Results for the primary efficacy variable were examined in subgroups defined by patient baseline characteristics, including concomitant usage of bile salt-binding resins, statins, median baseline sitosterol, and gender. The results of the analyses indicate that the response to 10 mg of ezetimibe was consistent across these subgroups (Figure 2 ). There were too few patients under the age of 18 years to perform meaningful subgroup analysis by age; however, inspection of individual plasma sitosterol responses suggested that the effect of ezetimibe on sitosterol was similar in subjects under age 18 and those 18 years and older.
Plasma campesterol was reduced by 24.3% (PϽ0.001) in the 29 patients treated with ezetimibe compared with a nonsignificant 3.2% rise in the 7 subjects given placebo. This resulted in a between-group difference of 27.5% (PϽ0.001; Table 2 ). As with plasma sitosterol, plasma campesterol decreased progressively over the 8-week treatment period ( Figure 1B) . Table 2 provides mean changes from baseline in lipids and apoproteins. For LDL-C measured by GLC, the median percent change was Ϫ13.6% for patients treated with ezetimibe compared with a 16.7% rise for those given placebo. This difference was not statistically significant.
LDL-C was relatively low at baseline, with a median value of 2.43 mmol/L. Patients with baseline LDL-C above the median level had a median change of Ϫ17.5% compared with 1.5% in patients whose LDL-C at baseline was lower than the median value. Total sterols (including cholesterol and plant sterols) and apolipoprotein B were reduced in the ezetimibe group (Ϫ8.7% and Ϫ12.7%, respectively) and increased slightly in patients on placebo (3.7% and 3.1%, respectively). The between-group differences (Ϫ12.4% and Ϫ15.8%, respectively) were significant (PϽ0.05 for both). Both total sterols and apolipoprotein B were decreased at week 2 and remained generally stable throughout the study. No significant effects of ezetimibe on HDL sterols, HDL-C, apolipoprotein A-I, or triglycerides were observed. In the ezetimibe-treated group, plasma lathosterol (a cholesterol precursor) and the ratio of lathosterol to cholesterol increased progressively, which indicates enhanced biosynthesis. Levels in the placebo group did not change. After 8 weeks, the between-group difference in the ratio of lathosterol to cholesterol was 37.3% (Pϭ0.044).
Achilles Tendon Radiography
At baseline, the mean Achilles tendon thickness, measured by radiography, was 15.7 mm in the placebo group (nϭ6) and 18.2 mm in the ezetimibe group (nϭ18). After 8 weeks of treatment, Achilles tendon thickness decreased slightly in the ezetimibe-treated group (Ϫ0.6%), and modestly increased in the placebo-treated group (8%) for a significant (Pϭ0.013) between-group difference of Ϫ8.6% (95% CI Ϫ15.1% to Ϫ2.0%).
Safety and Tolerability
Ezetimibe was generally well tolerated, and all patients completed the double-blind treatment period. Overall, 21 (70%) of 30 ezetimibe-treated patients and 2 (40%) of 7 placebo-treated subjects reported 1 or more adverse experiences. The most commonly reported adverse experiences were in the gastrointestinal system in the ezetimibe-treated group, with occurrences in 12 patients (40%). Six of these events were considered by the investigator to be possibly or probably related to the study drug. The gastrointestinal adverse events reported were generally mild and of short duration and included mild abdominal pain, diarrhea, loose and frequent bowel movements, nausea, and toothache.
Safety laboratory studies remained essentially stable during the treatment period. Platelet count increased slightly in the ezetimibe-treated group by a mean of 17 800 (PϽ0.05) but also rose in the placebo-treated group by a mean of 26 700 (between-group PϭNS). Hematocrit rose by 1.1% in the ezetimibe-treated group and decreased by 0.2% in the placebo-treated group. Renal and liver function tests remained essentially unchanged during the double-blind treatment period; no patient receiving ezetimibe experienced elevations in aspartate aminotransferase or alanine aminotransferase of Ͼ3-fold or in creatine kinase Ͼ10-fold the upper limit of normal.
Discussion
In sitosterolemic individuals, plant sterol absorption is increased and hepatic removal is slowed. 11,13,14,19 -21 The net effect leads to a progressive accumulation of plant sterols in virtually every tissue except brain, where the blood-brain barrier prevents the uptake of circulating plant sterols (as well as cholesterol). 1 Increased cholesterol absorption at the highnormal level is also noted in patients with sitosterolemia. [12] [13] [14] [15] [16] [17] [18] [19] As a result of plant sterol accumulation, individuals with sitosterolemia are at high risk of atherosclerosis and coronary heart disease-related morbidity and mortality. [1] [2] [3] [4] Treatment of patients with sitosterolemia has only been partially effective; bile salt-binding resins lower plant sterols but do not lead to normalization, and plasma sterol levels often do not decline when patients are treated with statin drugs that inhibit HMG-CoA reductase activity. 3, 32, 33 Indeed, activities of many of the enzymes along the cholesterol biosynthesis pathway are reduced in liver biopsy samples from sitosterolemic individuals, which perhaps accounts for the lack of efficacy of the statin drugs. 34 There are no prior, adequately controlled clinical trials of medications for the treatment of sitosterolemia; hence, the extent of efficacy with other agents is not known. Low-sterol diets are difficult for patients to maintain and are often unsuccessful in substantially lowering plant sterol levels; paradoxical increases in plasma plant sterol levels have even been observed. 33 Thus, a significant need exists for new, effective treatments for sitosterolemia.
The results of the present study demonstrated that treatment with ezetimibe produced significant reductions from baseline in sitosterol and campesterol, the predominant plant sterols, as well as reductions in total sterols and apolipoprotein B concentrations. Plant sterols declined even if the subjects were also receiving treatment with bile salt-binding resins or statins, and ezetimibe was similarly effective in both men and women with the disease and in patients with higher or lower sitosterol concentrations at baseline. Plant sterol levels declined progressively, although they remained significantly above the normal range and likely did not reach plateau in the present study.
LDL-C reduction with ezetimibe did not achieve statistical significance relative to placebo; however, baseline LDL-C levels were low, and it appeared that individuals with higher baseline LDL-C concentrations had more pronounced reductions. Whether this indicates greater efficacy in patients with elevated baseline LDL-C or a regression to the mean phenomenon can only be assessed with additional study in this patient population. Ezetimibe was well tolerated, with no discontinuations related to adverse experiences. Although more adverse experiences were observed in the active-treatment group, the number of patients in the placebo group was quite small, which limits any meaningful conclusions. Nonetheless, the majority of adverse experiences were mild, transient, and resolved despite continued treatment.
Ezetimibe has been shown to block the intestinal absorption of both cholesterol 27 and phytosterols (Harry Davis, PhD, Schering-Plough Research Institute, unpublished observation, 2000); however, the exact mechanism of action has not been defined. The fact that ezetimibe blocks the uptake of cholesterol and plant sterols suggests that they may be absorbed through a common mechanism. Ezetimibe does not appear to affect the expression of the ABCG5 or ABCG8 genes directly. 35 The effect of ezetimibe on the function of the ABCG5/G8 proteins cannot be assessed because assays to test for the putative activity of these proteins are not available.
An important observation was that ezetimibe reduced plasma total cholesterol levels rapidly, with essentially the full reduction observed by the second week of double-blind treatment. Cholesterol synthesis increased, as evidenced by the 35% rise in plasma ratio of lathosterol to cholesterol ( Table 2 ). The rise in cholesterol synthesis may explain the failure to see a further decline in total cholesterol. Because plant sterols cannot be synthesized by the human body, progressive decline in these sterols may reflect continued tissue depletion.
Whether the complications of sitosterolemia, including atherosclerosis, hemolysis, and low platelet counts, may be reversed with ezetimibe treatment remains to be seen. Although small increases in platelet counts and hematocrit were observed in the ezetimibe-treated group, a rise in platelets was also observed in patients given placebo. It is interesting that Achilles tendon thickness by radiography, used to assess change in Achilles tendon xanthoma, decreased in the ezetimibe-treated group relative to the placebo group after 8 weeks of treatment. Whether such a change can be substantiated with more dramatic reductions in thickness with longterm treatment must await further study. Nonetheless, this may be an indication that tissue stores of plant sterols were affected by ezetimibe treatment. A trial of long-term treatment is planned to determine whether ezetimibe will lower plant sterol levels further, leading to evidence of diminution in tissue stores and a reduction in cardiovascular disease.
